Background: Hepatocellular carcinoma (HCC) is one of the most lethal malignancies worldwide. A major cause for the failure of cancer therapy is the development of chemoresistance. Although progress has been made in the study of the mechanisms underlying cancer cells resistance, little is known about the role of microRNAs (miRNAs) in cancer therapy resistance. Methods and Results: Fifteen miRNAs, including 6 up-regulated miRNAs (> 2.0-fold) and 9 down-regulated miRNAs (< 0.5-fold) were differentially expressed in 5-fluorouracil-resistant and their parental cell-lines (HepG2, HepG2/5-FU) by miRNA microarrays. Microarray results were confirmed by validating quantitative real-time polymerase chain reaction (qRT-PCR) analysis. Up-regulation of miR-141 expression resulted in a significant inhibition of 5-FU-mediated cytotoxicity and apoptosis in various hepatocellular carcinoma cells-lines. Mechanically, miR-141 promoted Kelch-like ECH-associated protein 1 (Keap1) mRNA degradation by directly targeting the Keap1 3'untranslated region (3'UTR). Treatment with miR-141 mimics in parental HepG2 cells, restored miR-141 expression and reduced Keap1 levels, thereby resulting in erythroid transcription factor NFE2-L2 (Nrf2) nuclear translocation, activation of Nrf2-dependent HO-1 gene transcription, and subsequent enhancement in 5-FU resistance. Conversely, restoring the expression of Keap1 partly recovered 5-FU sensitivity by counteracting miR-141-mediated 5-FU resistance. Conclusion: Our study showed that miR-141 plays a key role in 5-FU resistance by down-regulating Keap1 expression, thereby reactivating the Nrf2-dependent L. Shi, L. Wu and Z. Chen contributed equally to this work.
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Materials and Methods
HCC cell line and cell culture
The human HCC cell lines, including HepG2, SMMC-7721, and HuH7 were purchased from the China Military Medical Science Academy of the PLA (Beijing, China), 5-FU was purchased from Zhejiang Haizheng Pharmaceutical Co., Ltd. (China), and resistant cells were developed from their parental cells by exposure to gradually increasing doses of 5-FU in cell culture medium. All the cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum (FBS) (Gibco BRL, Grand Island, NY) and 100 U/mL penicillin and 100 mg/mL streptomycin at 37˚C in a humidified incubator with 5% carbon dioxide (CO 2 ) at room temperature. The 5-fluorouracil resistant cells were cultured for one week in a medium without 5-FU prior to experiments. Exponentially growing cells were used for all the experiments.
MiRNA microarrays and data analysis
Total RNA was isolated from HepG2 and HepG2/5-FU cells using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Small RNA was prepared by using a mirVana kit (Ambion, Austin, USA) and labeled with Cy3 and Cy5 fluorescent dyes, which were applied for hybridization to dualchannel microarrays on each chip containing 1344 probes capable of detecting 725 human miRNAs as well as rodent miRNAs in triplicates. Raw data was normalized and adjusted using the GenePix Pro 4.0 software. The student's t-test analyses were carried out between HepG2 and HepG2/5-FU samples, and miRNA with p values of < 0.05 were chosen for cluster analysis using a hierarchical method and average linkage and Euclidean distance metric.
Real-time quantitative PCR
Total cellular RNA was extracted using TRIzol reagent according to the manufacturer's instructions. Reverse transcription and PCR were performed using SYBR RT-PCR kits detection system (Toyobo, Japan) with the following cycles: 95°C for 1 min; 95°C for 15 s; 58°C for 20 s, and 72°C for 20s (40 cycles); and 72°C for 5 min. Primer sequences are as follows:
Keap1: 5'-TAC GAT GTG GAA ACA GAG ACG TGG A-3'(forward), 5'-TCA ACA GGT ACA GTT CTG GTC AAT CT-3'(reverse); Nrf2: 5'-TGA GGT TTC TTC GGC TAC GTT-3'(forward), 5'-CTT CTG TCA GTT TGG CTT CTG G-3' (reverse); HO-1: 5'-CTG GAG GAG GAG ATT GAG CG-3'(forward), 5'-ATG GCT GGT GTG TAG GGG AT-3'(reverse); β-actin: 5-'CCA CAC CTT CTA CAA TGA GC-3'(forward), 5'-GGT CTC AAA CAT GAT CTG GG-3'(reverse).
The data was collected and calculated using the comparative Ct method and normalized to β-actin.
One step qRT-PCR analysis for miRNA expression
Total RNA was extracted from the cell lines using Trizol reagent, and miRNA fraction was further purified by mirVana miRNA isolation kit. Ribonucleic acid samples were detected spectroscopically for their concentration and purity. Expression of mature miRNA was assayed using EzOmicsTM One-Step qPCR Kit (Biomics Biotechnologies Co., Ltd, Nantong, China). U6 small nuclear RNA (snRNA) was used for normalizing the relative amount of each miRNA. The primers specific for human miR-141, miR-21, miR-27a, miR-155, miR-210, miR-134, miR-340, miR-145, miR-451, miR-19a, miR-148a, miR-565, miR-501, miR-29a, miR-30a, and U6 were obtained from EzOmicsTM miRNA qPCR Detection Primer Set. Quantitative real-time polymerase chain reaction was performed on a SmartCycler (Cepheid) at 42°C for 30 min; 95°C for 10 min, followed by 40 cycles of amplification at 95°C for 20 s, 62°C for 30 s, and 72°C for 30 s. The melt curve stage was performed at 95°C for 30 s, 60°C for 30 min, and 95°C for 30 s. The fold change for miRNA from HepG2/5-FU cells relative to control HepG2 cells was calculated using the 2ΔCT formula. Polymerase chain reaction was performed in triplicates.
Transfection of miR-141 mimics or anti-miR-141
MiR-141 mimics and inhibitors were obtained from Genepharma (Shanghai, China). The sequences were as follows: miR-141 mimic: sense: 5'-UAA CAC UGU CUG GUA ACG AUG U-3', antisense: 5'-ACA UCG UUA CCA GAC AGU GUU A-3'; miR-141 inhibitor: 5'-ACA UCG UUA CCA GAC AGU GUU A-3'.
MiR-141 mimics and its negative control were used in HepG2, SMMC-7721, and HuH7 cells with low miR-141 expression, and miR-141 inhibitors and its negative control were used in HepG2/5-FU and SMMC-7721/5-FU cells with high miR-141 expression. Oligofectamine transfection reagent or lipofectamine 2000 (Invitrogen) was used for transfection. Cells were seeded in a 6-well plate at a density of 2 × 10 5 per well in DMEM with 10% FBS, without antibiotics. After 24 h, the cells were transfected with miR-141 mimics or miR-141 inhibitors or their negative control using lipofectamine 2000 according to the manufacturer's protocol. The cells were collected for further analysis after 48 h.
Vector construction and dual-luciferase reporter assay
To construct a luciferase reporter with the wild-type Keap1 3'UTR, the 3'UTR of Keap1 downstream of the luciferase gene was placed in the pGL3-control vector (Promega, Madison, WI) and was digested with NheI and XhoI (Biomics Biotechnologies Co. Ltd., Nantong, China). The Keap1 3'UTR sequences were amplified by PCR from genomic DNA using the following primers: 5'-ACG TAC GCT AGC GAA GCA GAT TGA CCA GCA GA-3'(forward), 5'-ACG TAC CTC GAG ATG CGA TGG GCA AAG ATT AC-3' (reverse).
The mutated pGL3-Keap1 3'UTR was constructed with point mutations within the potential miR-141 binding site using two sets of primers: 5'-GAA GGG AGG CCA GGA TGC CTG ACT CTT AAA ATG ACA TCT CAA AAGA-3' (forward), 5'-TCT TTT GAG ATG TCA TTT TAA GAG TCA GGC ATC CTG GCC TCC CTT C-3' (reverse).
These two fragments were annealed and used as templates to amplify a mutated Keap1 3'UTR. The resulting mutant exhibited 3 point mutations (C (C to A), AGU (U to C), and G (G to U) UUA) as confirmed by sequencing. HO-1-ARE luciferase plasmid contained HO-1 promoter, including the ARE region as described previously [12] .
For the luciferase assay, cells, seeded at 1.5×10 5 per well in 24-well plates, and were co-transfected with 50 ng of luciferase reporter plasmids containing wild-type or mutated 3'UTR of Keap1 and miR-141 mimics or anti-miR-141 or negative control (100 nM) using lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. The pRL-TK vector (Promega) was used as an internal control. The luciferase activity was measured after 48 h of transfection using the dual-luciferase reporter assay system (Promega). Firefly luciferase activity was normalized to renilla luciferase activity for each transfected well. Independent experiments were performed in triplicates.
Western blot analysis
Whole-cell extracts and nuclear extracts were prepared as described previously [12] . The proteins were separated using 10-15% w/v sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred onto a nitrocellulose membrane (Bio-Rad). After blocking with 5% nonfat dry milk in phosphate-buffered saline (PBS) for 1 h, the membranes were incubated with primary antibodies in PBS with 5% nonfat dry milk overnight at 4-8°C, The following antibodies were used: anti-Keap1 mouse polyclonal antibody (1:2000, Santa Cruz, CA), anti-Nrf2 rabbit polyclonal antibody (1:3000, Santa Cruz, CA), anti-HO-1 mouse polyclonal antibody (1:1000, Santa Cruz, CA), and antibody against actin or lamin B1 (1:6000, Santa Cruz, CA). These antibodies were used to confirm equal loading for whole-cell extracts and nuclear extracts. After extensively washing with PBS, the membranes were incubated with horseradish peroxidase-conjugated secondary anti-mouse antibody or anti-rabbit antibody (1:2000, Santa Cruz, CA) for 1 h at room temperature. Antigen-antibody complexes were visualized with Chemiluminescent kit (Pierce). Protein levels were quantified using Quantity one software (Bio-Rad Life Science, Shanghai, China) to obtain the ratio of the optical density of the target protein to that of β-actin.
Cell viability assay
Drug sensitivity was calculated by the CCK-8 (Toyobo, Japan) assay. Cells were seeded at a density of 5x10 3 in 96-well plates. After 24 h, the medium was replaced with fresh medium with or without different concentration of 5-FU for 48 h. Following this, an aliquot of 10 μL of CCK-8 plus 100 μL DMEM was added to each well and incubated for 2 h. At last, the absorbance was measured using a microplate reader (reference wavelength 650 nm) at 550 nm. The IC 50 value of 5-FU was calculated using Statistical Package for the Social Sciences (SPSS) 16.0. Three independent experiments were performed.
Measurement of Keap1 expression stability
The cells were transfected with 100 nM of miR-141 mimics and its negative control. After 48 h, the cells were treated with actinomycin (5 μg/mL) or cycloheximide (CHX) (10 μg/mL). The cells were harvested at subsequent time intervals (0 h and 10 h or 24 h), and the mRNA and protein levels of Keap1 were determined by RT-PCR and western blot for indicated time. Housekeeping gene of glyceraldehyde 3-phosphate dehydrogenase (GADPH), which showed little decay over 6 h, was used as an internal control.
Results from the assays were processed using Prism 5.0 software (GraphPad; La Jolla, CA) to calculate the half-life of Keap1 in mRNA and protein levels
Apoptosis assay
The cells were transfected with 100 nM miR-141 mimics, anti-miR-141, and miR-141 mimics in combination with anti-miR-141 (100 nM) and 100 nM negative controls. After treatment with indicated doses of 5-FU for 48 h, cell apoptosis was determined using Annexin-V-FITC apoptosis detection kit (BD, Franklin Lakes, New Jersey, USA). Briefly, 2.0×10 5 treated cells were re-suspended in 0.5 mL of binding buffer and were incubated with Annexin-V-FITC and propidium iodide (PI) for 15 min at room temperature in the dark. Two-color fluorescence-activated cell sorting (FACS) analysis (BD LSR II) was used to detect the cellular apoptosis by flow cytometry. The CellQuest Pro software was used for the acquisition and analysis of the data apoptosis assay.
Statistical analysis
The experiments were performed in triplicates and the data is expressed as mean±SD. Comparisons made between treatments were determined using unpaired student's t-test. One-way analysis of variance (ANOVA) was used for comparing multiple groups with single controls. The GraphPad Prism 5.0 software was used for the data analysis
Results
Differential expression of miRNAs in HepG2 and HepG2/5-FU cells
To validate the correlation of miRNAs with 5-FU resistance, the miRNA expression profiles were analyzed in HepG2 and HepG2/5-FU cells by miRNA microarrays. The differential expression of 15 miRNAs, including 6 up-regulated and 9 down-regulated miRNAs were found in HepG2/5-FU cells by > 2-folds or < 0.5-folds as compared to their parental counterparts (Table 1) . To confirm the results of microarray analyses, the differentially expressed miRNAs were verified using qRT-PCR analysis, including miR-141, miR-21, miR27a, miR-155, miR-210, miR-134, miR-340, miR-145, miR-451, miR-19a, miR-148a, miR-565, miR-501, miR-29a, and miR-30a in HepG2 and HepG2/5-FU cells. Prospectively, the results were highly consistent with the differential expression profiles screened by the miRNA array (Fig. 1A) . Furthermore, the expression of miR-141 in two 5-FU-resistant cancer cell variants, including SMMC-7721/5-FU and HuH7/5-FU derived from SMMC-7721 and HuH7 HCC cell- 
MiR-141 confers HCC cells resistance against 5-fluorouracil
The role of miR-141, miR-21, and miR-27a in 5-FU-induced resistance was investigated. The CCK-8 assay indicated that HepG2 cells transfected with mimics of miR-141, miR-21, and miR-27a exhibited markedly enhanced resistance to 5-FU as compared to the negative control groups (Fig. 2A) . Since miR-141 exhibited the strongest chemoresistance to 5-FU, its role and mechanism in 5-FU resistance was further investigated.
To confirm and extend our findings, two additional HCC cell-lines, including SMMC-7721 and HuH7, were used to confirm whether ectopic miR-141 expression also can induce 5-FU resistance. Since miR-141 exhibited the highest induction of 5-FU resistance around the IC 50 dose of HepG2 cells ( Fig. 2A) , the HCC cell-lines were exposed to the IC 50 value of 5-FU as determined for each of these cell lines (Table 2) . Interestingly, overexpression of miR-141 significantly inhibited the 5-FU-induced cytotoxicity and enhanced 5-FU resistance in a dose-dependent manner in HepG2 cells (Fig. 2B) . Similar results were obtained with the experiments performed in SMMC-7721 and HuH7 cells (Fig. 2B) .
MiR-141 contributes to reduced susceptibility to 5-FU-induced apoptosis
The 5-FU is known to kill cancer cells by exhausting the antioxidant capacity of cancer cells and thus causing drug-induced apoptosis. The hypothesis is that the overexpression of miR-141 might play a role in the development of drug resistance by inhibiting 5-FU-induced apoptosis. To validate this hypothesis, the HepG2 and SMMC-7721 cells were transfected observed in HepG2/5-FU and SMMC-7721/5-FU cells transfected with miR-141 inhibitors as compared to negative controls. Similarly, the miR-141 mimics combined group blocked 5-FU-induced apoptosis in 5-FU-resistant HepG2 and SMMC-7721 cells (Fig. 3A-B) . These results indicated that miR-141 conferred 5-FU resistance in cancer cells by blocking 5-FUinduced apoptosis.
MiR-141 promotes Nrf2 nuclear translocation and activates Nrf2 pathway
Since miR-141 is capable of inhibiting the 5-FU-induced apoptosis and enhancing the resistance of cancer cells to 5-FU, the targets of miR-141 were investigated by three public miRNA databases (TargetScan, Pictar, and MicroRNA). A bioinformatics-based analysis identified PTEN, MSH2, MIBI, CUL3, and Keap1 as hypothetical target genes of miR-141. In addition, it was examined that whether overexpression of miR-141 could alter these predicted targets of proteins. The miR-141 mimic transfection did not alter the expression of PTEN, MSH2, MIBI, and CUL3; however, a clear and consistent reduction (> 2-fold) in Keap1 protein levels was observed in HepG2 cells (Fig. 4A) . Therefore, Keap1 was chosen for further analysis because of the identification of one conserved targeting site matching the seed sequences for miR-141 within the Keap1 3'UTR by TargetScan5.1 miR target prediction algorithm (Fig. 4B) .
A validated miR-141 targeting site was constituted in Keap1 mRNA 3'UTR
In order to confirm whether miR-141 could regulate its binding site within the Keap1 mRNA, 10 ng of pGL3-Keap1 3'UTR luciferase reporter plasmids were co-transfected with miR-141 mimics, anti-miR-141, or their negative controls (100 nM) in HepG2 and HepG2/5- FU cells. The cells were assayed by a luciferase reporter. The HepG2 cells transfected with pGL3-Keap1 3'UTR vector exhibited > 2.5-fold reduction in the luciferase activity when cotransfected with miR-141 mimics (p < 0.05). Conversely, the HepG2/5-FU cells transfected with pGL3-Keap1 3'UTR vector demonstrated > 1.5-fold increase in the luciferase activity when co-transfected with miR-141 inhibitors (p < 0.05). The mutant pGL3-Keap1 3'UTR luciferase reporters were generated by mutating 3 bases of the predicted miR-141 target seeding sequence (C (C to A), AGU (U to C), G (G to U) UUA) in the cloned Keap1 3'UTR region (Fig. 4B) . However, no significant change in the luciferase activity following the co-transfection of the mutagenized vector with miR-141 mimics or anti-miR-141 was observed. Similar results were also obtained in SMMC-7721 and SMMC-7721-5-FU cell-lines. Collectively, these results indicated a direct interaction between miR-141 and Keap1 mRNA in HCC-derived cell-lines (Fig. 4C-D) .
MiR-141 decreases Keap1 mRNA and protein stability
The miRNAs can induce reduction of gene expression by miRNA degradation or blocking protein translation. In order to confirm the role of miR-141, the HepG2, SMMC-7721, and HuH7 cells, transfected with or without miR-141 mimics, were exposed to transcription or translation inhibitors, such as actinomycin D (5 μg/mL) or CHX (10 μg/mL) respectively. The endogenous levels of Keap1 mRNA or protein were determined by qRT-PCR or western blot analysis. It was found that both Keap1 mRNA and protein expression levels were decreased in miR-141 overexpressing cells as compared to control cells after actinomycin D or CHX treatment for indicated times respectively. These observations suggested that Keap1 is subject to modulation by miR-141 through alterations in mRNA and protein stability (Fig.  5A-B) .
MiR-141 targeting of Keap1 results in Nrf2 nuclear translocation and activation of Nrf2 pathway in a dose-dependent manner
The role of miR-141 in the regulation of Keap1 expression was confirmed by qRT-PCR and western blot analysis. Briefly, the HepG2 and SMMC-7721 cells were transiently transfected with 100 nM miR-141 mimics or miR-141 mimic in combination with miR-141 inhibitor (100 nM) respectively. Transfection with the miR-141 alone reduced the expression of Keap1 (Fig. 6A ) and enhanced the resistance (Fig. 6B ) of these cells to 5-FUs in the celllines. Interestingly, the transfection with the miR-141 mimics combined with miR-141 antisense restored the expression of Keap1 and recovered 5-FU sensitivity (Fig. 6A-B) .
Meanwhile, protein levels of nuclearNrf2 and total HO-1 were increased, whereas the level of caryoplasmic Nrf2 decreased in the miR-141 mimics transfected cells in a dose-dependent manner (Fig. 7A) .It was also validated that whether the up-regulation of miR-141 promoted the activation of Nrf2 pathway: The HO-1-ARE luciferase plasmid and control vector (10 ng) were transiently transferred in the HepG2 and SMMC-7721 cells, and transfected with different concentrations of miR-141 mimics or miR-141 mimic combined with anti-miR-141 (100 nM). The results have demonstrated that ARE-driven luciferase activity was enhanced in a dose-dependent manner and the inducing effect was partly 5. (A-B) . The cells were transfected with 100 nM mimics of miR-141 or negative control. After 12 h, the cells were treated with actinomycin D (5 μg/ mL) for 10 h or CHX (10 μg/mL) for 24 h. The stability of endogenous Keap1 mRNA and protein was detected by RT-PCR or western blotting at the indicated times. Bar graph indicates the relative ratio of Keap1 expression to actin from three replicates. Data is expressed as mean±SD.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry blocked by miR-141 inhibitor in the combined group (Fig. 7B) . The enhanced expression of Nrf2 and HO-1 was also observed in the miR-141 mimics plus anti-miR-141 NC group (100 nM) as compared to miR-141 mimics NC plus anti-miR-141 NC group (100 nM; Fig. 7C) . Similarly, the up-regulation of Nrf2 and HO-1 by miR-141 mimics was partly blocked by the miR-141inhibitor in the combined group (Fig. 7C) .
To further validate these results, the HepG2 cells were transfected with miR-141 mimics alone or miR-141 mimics NC (100 nM) or 100 nM miR-141 mimics plus 50 ng Keap1-FLAG plasmids. Results from western blotting have shown that transfection with miR-141 mimics reduced the expression of Keap1, whereas enhanced the expression of Nrf2 and HO-1 (Fig.  8A) , thereby, resulting in the resistance of the cells to 5-FU (Fig. 8B) . However, restoring the expression of Keap1 by co-transfecting miR-141 mimics and Keap1-FLAG plasmid decreased the expression of Nrf2 and HO-1 (Fig. 8A) , thereby recovering the 5-FU sensitivity (Fig. 8B) . However, the miR-141 mimics do not alter the levels of Keap1 protein expressed by exogenous Keap1-FLAG (Fig. 8A) . This can be explained by the absence of 3'UTR in the exogenously expressed Keap1 mRNA.
These findings demonstrated that miR-141 targeting Keap1 resulted in the translocation of Nrf2 into the nucleus and activation of Nrf2 pathway, thereby conferring the 5-FU resistance to HCC-derived cell lines. The cells were seeded in 96-well plates at 5×10 3 cells per well in triplicates followed by treatment with the indicated concentrations of 5-FU for 48 h. The inhibition of cell viability was detected. Columns: mean of three independent experiments; data is expressed as mean±SD.
* p < 0.05; ** p < 0.01 vs NC group; # p < 0.05; ## p < 0.01. by comparing alteration in the expression of miRNA profiles between HepG2 and HepG2/5-FU cells (Table 1) , it was observed that the majority of the highly expressed miRNAs in 5-FU-resistant cells exhibited the properties of oncogenes, such as miR-21, miR-27a, and miR-155 [14] [15] [16] . Reduced expression of miRNAs, such as miR-340, miR-145, and miR-451 was previously described as tumor suppression [17] . 5-FU resistance is a malignant phenotype; therefore, the results of our microRNA assay are in agreement with previous studies validating the profiling findings. By validating the most abundantly expressed levels of miR-141, miR-21, and miR-27a, and investigating their effects on 5-FU induced resistance (Fig. 1A and 2A) , it was observed that miR-141 strongly induced 5-FU resistance in HepG2 cell-lines in a dose-dependent manner in different concentrations of 5-FU (Fig. 2) . A lower percentage of apoptotic cells were also identified in miR-141 transfected cells by annexin V staining after 5-FU exposure (Fig. 3A) , which was further verified by the detection of caspase 3 activity (Fig. 3B) . These findings suggested that the anti-apoptotic effect is a crucial mechanism for miR-141-mediated 5-FU resistance in HCC cell-lines. Additionally, the miR-141 inhibitors promotes apoptosis in 5-FU-resistant cells (Fig. 3) suggesting that miR-141 plays a critical role in the development of 5-FU resistance.
The miR-141 is one of the members of the miR-200 family, which plays a pivotal role in the maintenance of cancer stem cells and regulation of the epithelial-to-mesenchymal transition [18, 19] . However, the potential role of the miR-200 family, especially the role of miR-141 in chemotherapy of HCC is limited. In the present study, it has been demonstrated that miR-141 mimic transfection did not result in decreased expression of PTEN, MSH2, MIBI, and CUL3. However, the altered expression in of Keap1 in HepG2 cells showed that there might be an underlying mechanism, which requires validation for 5-FU-mediated phenotype of miR-141 overexpression by continuous 5-FU exposure to HCC cell-lines (Fig. 4A) .
Erythroid transcription factor NFE2-L2 plays a critical role in activating the expression of cellular detoxifying enzymes. Under normal conditions, the expression of Nrf2 is mainly modulated by the interaction of Nrf2 with (Keap1), which leads to the degradation of Nrf2 by the ubiquitin-proteasome pathway. Upon exposure to electrophiles and oxidative stress, Nrf2 dissociates from Keap1 and translocate into the nucleus to activate the constitutive expression of downstream phase II detoxifying enzymes and antioxidant proteins especially for NAD(P)H: quinone oxidoreductase1 (NQO1) and HO-1, which detoxifies cancer drugs by attenuating drug-induced oxidative stress and apoptosis [20] . Recent studies have demonstrated that chemoresistance in cancer therapy is associated with the constitutive activation of the Nrf2-mediated antioxidant and detoxification processes [21] . In order to validate the molecular mechanism of miR-141 overexpression in 5-FU resistance, Keap1 was identified as a direct target of miR-141 containing a conserved complementary site within the Keap1 mRNA 3'UTR using TargetScan5.1 prediction algorithm (Fig. 4B) . The results have further highlighted the molecular mechanisms by which miR-141 reduces Keap1 mRNA expression. Initially, the ability of miR-141 to modulate posttranscriptional level of Keap1 expression was evaluated by luciferase reporter assay. In this study, we have demonstrated that miR-141 reduces wild-type Keap1-3'UTR luciferase reporter activity, which is eliminated due to the mutation of the miR-141 targeting seed sequence within the Keap1-3'UTR ( Fig.  4C-D) .
In addition, by using the HCC parent and resistant cell-lines to explore the impact of miR-141 on Keap1 expression, it was observed that the levels of Keap1 mRNA were reversibly related with the miR-141 expression, and the ectopic expression of miR-141 alone downregulated the levels of Keap1mRNA and protein in HCC cell-lines ( Fig. 5 and 6 ). Mechanically, this reduction in Keap1 levels promoted Nrf2 nuclear translocation and activated Nrf2-dependent HO-1 expression, thereby resulting in the enhanced resistance of these cells to 5-FU. Conversely, these effects were partly eliminated in the miR-141 mimics combined with miR-141 antisense group (Fig. 6-8) . Based on the above discussion, we opined that miRNAs can suppress the target gene expression by mRNA cleavage or inhibition of translation. Concerning the latter mechanism of action, the inhibition of miRNA-dependent translational of target gene may include multiple steps of protein translation [22] . Moreover, the specific proteases, although unknown, might be involved in the nascent polypeptides degradation through 3'UTR-tethered miRNA-RISC complex. This speculated mechanism may explain the current observation that miR-141 interferes with the Keap1 protein stability, thereby leading to the reduced protein production (Fig. 5A-B) . Further research, however, should focus on the exact mechanism by which the miR-141 mediates Keap1 protein degradation.
The miR-200 family, including 2 clusters: miR-200b/200a/429 located on chromosome 1p36 and miR-200c/141 located on chromosome 12p13, has been reported to play a critical role in the susceptibility to cancer chemotherapy [23] . It has been reported that overexpression of miR-429, miR-200a, and miR-141 in ovarian cancer cell-lines enhances the sensitivity to paclitaxel [24] . Conversely, another observation suggested that the overexpression of miR-141 in ovarian cancer cell-lines increases cisplatin resistance [25] . These findings indicated the complex relationship between the treatment response and the miR-200 family. In this study, we have demonstrated that miR-141 plays a key role in 5-FU resistance by down-regulating Keap1 expression, thereby reactivating the Nrf2-dependent antioxidant pathway. Collectively, the impact on the expression of miRNA influences the targets in cell type-specific and phenotype-specific manner [26] . Thus, diverse effects might emerge upon overexpression or knockdown of miRNA may occur depending on the types of cancer cells.
Taken together, the present study demonstrated, for the first time, that miR-141 confers 5-FU resistance by suppressing Keap1 expression, thereby activating the Nrf2-
